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Abstract
The features of the current–voltage (I–V) measurements in local regions of semiconductor nanostructures by conductive atomic
force microscopy (AFM) are discussed. The standard procedure of I–V measurements in conductive AFM leads not infrequently
to the thermomechanical stresses in the sample and, as a consequence, nonreproducibility and unreliability of measurements. The
technique of obtaining reproducible current–voltage characteristics is proposed. According to the technique, a series of measure-
ments of the selected scanning area in the mode of conducting AFM should be taken, each at the certain value of the potential.
According to a series of scans I–V curve at a particular point (for any point of the scan) was plotted. The program is realized in the
LabVIEW software. The proposed method extends the capabilities of scanning probe microscopy in the diagnosis of nanostructured
semiconductor materials.
Copyright © 2015, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In modern research, it is very important to diagnose
nanostructured materials most efficiently, in particular,
to do it by the analysis of current–voltage (I–V) charac-
teristics in the local areas of the surface being studied
[1]. A composition of the oxide resulting on the inter-
face of semiconductor grains (by the value of the band∗ Corresponding author.
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(Peer review under responsibility of St. Petersburg Polytechnic University).gap) as well as the position of p–n junction inside the
grain can be determined by measuring I–V characteris-
tics. They are the most important parameters to improve
the technology and design of the structure of micro- and
nanomaterials [2]. The foregoing proves that this inves-
tigation is currently central.
Different methods of atomic force microscopy
(AFM) allow solving a wide range of problems in vari-
ous areas of science and technology:
micro- and nanoscopy (a surface mapping in differ-
ent analytical responses);
spectroscopy (a registration of information at the se-
lected coordinate on sample surface in the range
of argument variation);ion and hosting by Elsevier B.V. This is an open access article under
0/).
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Fig. 1. I–V curves measured one after another at the static probe position with 20–30 s intervals.surface modifications (nanolithography);
manipulations with micro- and nanoobjects (atoms,
molecules, nanotubes etc.), assembly of objects at
the atomic level [3,4].
2. Brief overview of preliminaries
Let us dwell on special features of the methods of
scanning tunneling atomic force microscopy and scan-
ning spreading resistance microscopy. These instru-
ments are more widely used in the study of solid-state
nanostructures. By scanning tunneling AFM it is possi-
ble to investigate semiconductor structures covered with
natural oxide as well as structures with non-conductive
areas [5].
As noted above, measurement of current–voltage
characteristics allows obtaining the information on the
band gap of the natural oxide [6] or on band gap of semi-
conductor material. However, the violation of the crys-
talline structure may occur during the measurements
of I–V curves at the selected surface point. High den-
sity current causes the following effects: (i) thermome-
chanical stresses, (ii) deformations, (iii) local anodic
oxidation [7] and others. This leads to instability and
non-reproducibility of I–V [8].
In Ref. [9] Au/Pb/PbTe, Au/Pb/PbSnSe, In/PbTe sys-
tems were investigated. Experimentally, it was found
that measured I–V curves had low reproducibility at
the static probe position on the sample surface. Low-
resistive samples prepared using narrow-gap semicon-
ductors often exhibit an oscillating behavior which is
not associated with the device noises and errors. Anexample of a typical current–voltage characteristics is
shown in Fig. 1. The measurements were performed in
vacuum at a temperature of about 130 K. Spectroscopy
of current–voltage characteristics was measured at the
same probe positions on the sample surface, I–V curves
were obtained one after another with a break in 20–30 s.
The diode resistance calculated by I–V curves (mea-
sured at a voltage close to 0 V) was found to vary in
the range of 0.72–200 M.
In Ref. [10] it was also shown that the conductiv-
ity fluctuations in a wide resistance range are often
observed at the static probe position during AFM mea-
surements of I–V characteristics. Thus, the study of con-
tact resistance of the probe (coated with Pt) to the Au
film showed that such contact is stable only with strong
probe pressure to sample (5–6 µN) and the probe diam-
eter should be not less than 200 nm [11]. The difference
of contact resistance of probe (coated with tungsten)
and tungsten film is 102–1010  with fixed bias volt-
age at the probe [12]. The authors of [10] suppose that
main reason of irreproducibility of I–V characteristics is
chemisorption and physical adsorption on the probe and
sample surfaces as well as instability of electron tunnel-
ing processes between the probe and the sample through
the adsorbate due to distance fluctuations with the small
values of pressing force (5 nN usually). Experiments
on the variation of the pressing force of probe to the
sample showed that in this case the increase of press-
ing force does not cause stabilization of the current–
voltage characteristics. Furthermore, measurements of
I–V curves were performed in vacuum, so the probabil-
ity of the presence of the adsorbate on the probe and
sample surfaces is reduced.
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ductive atomic force microscopy is a too small radius
of one of the electrodes. Therefore, we suggested that
the cause of I–V characteristics instability is a signifi-
cant local heating of the material during the measure-
ment of I–V curves when a current of high density flows
through the sample. Determination of current density
through the contact tip-sample with consideration for its
area (S  0.003–0.030 µm2 are typical values) showed
that this value may reach 102–103 A/cm2 [9]. Moreover,
the technique is sensitive to the chemical nature of the
object in question. So, the most significant changes in
I–V characteristics obtained in these conditions take
place for narrow-gap semiconductor materials such as
chalcogenides of Group IV of the periodic table [13].
The present article continues this line of investiga-
tion and focuses on improving the technique of AFM to
obtain reliable experimental results.
The purpose of this work is to develop a method
of analysis of the current–voltage characteristics, tech-
nique eliminating a source of data instability, namely, a
long-term presence of the probe at a fixed point.
3. The technique features of I–V characteristics
analysis
The technique proposed consists in obtaining a se-
ries of AFM images on the selected area in the current
analytical signal. In addition, each of following sets
topography–current map should be measured at the con-
secutively changing bias voltage. In a specifically de-
veloped software the conversion of dependence of the
current on the applied voltage at the tip of the probe for
each selected point is made.
In general, the algorithm of constructing of I–V char-
acteristics can be presented as five steps [14]:
1. measurements by spreading resistance mode;
2. export of data to text format;
3. combination of the AFM data;
4. choice a point on the topography;
5. I–V curves plotting.
Note that in the scanning mode, as usual, tunneling
conditions are realized. The spreading resistance mode
(in the ideal case) assumes no barrier on the surface.
In other words, scanning spreading resistance mi-
croscopy is one of the contact AFM modes, in which
the measurement is made by conductive probe at con-
stant probe pressing force (cantilever bend) to the sam-
ple surface [15].In simplified form, spreading resistance can be de-
scribed by a simple model, which is a flat circular ohmic
contact on the surface of the material and the second
hemispherical ohmic contact [16,17]. The resistance of
material, taking into consideration the geometry of the
contacts, can be quite simply determined analytically:
Rr = ρ2π
∫ r
0
dr
(a2 + r2) =
ρ
2πa
arctg
r
a
, (1)
where a is a radius of the circular contact (probe); r is a
distance from the center of the contact – probe place to
the hemispherical contact; ρ is a resistivity of the area
between the contacts.
Spreading resistance R is well approximated for a ho-
mogeneous semi-infinite doped sample with resistance
ρ during measurements with the radius a of probe cur-
vature (it is assumed that the probe does not penetrate
into the sample):
R = ρ
4a
. (2)
From Eq. (2), it is possible to determine whether the
conditions are of tunneling mode or spreading resis-
tance mode. In the tunneling mode the current is small,
and overestimated values of resistance R are obtained
according to I–V characteristics.
Experimental dependence in created software is plot-
ted according to the same algorithm for both modes.
From the program controlling the atomic force mi-
croscope obtained data are exported in ASCII for-
mat and are loaded into the created virtual device in
LabVIEW.
The front panel is shown in Fig. 2; topographies are
combined (obtained at the different values of bias volt-
age) because the temperature drift always shifts the scan
area for a few tens of nanometers. Then, the user se-
lects the point on the image of topography, in which it
is necessary to plot the I–V curve. The selected point is
the position in each map of the measured current. Thus,
I–V characteristics are constructed, based on the voltage
values, at which the set of images, and current values of
the selected point on the map of the current distribution
were obtained. In other words, the set of current maps
allows us to construct I–V characteristic at any point of
the resulting topographic image, and each scan is used
as a single point of I–V curve.
4. The technique implementation
Thin ZnO films obtained by spray pyrolysis were in-
vestigated. Choosing zinc oxide to implement the pro-
posed procedure has been dictated by its energy-gap
width (3.36 eV). This property prevents an emergence
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Fig. 2. The front panel of the virtual instrument (AFM picture of an object topography is displayed).
Fig. 3. Microphotograph of the DCP11 probe tip with a diamond-like
coating.of thermomechanical effects in the grain volume while
current traversing.
4.1. Zinc oxide
It is a promising material. Nanostructures based on
ZnO are used in a variety of devices (semiconductor de-
vices, flexible displays, LEDs, etc.) and different areas
(solar energy, photocatalysis, sensing, medicine). Zinc
oxide is also used as a modifying material. First of all,
a great interest in this material is due to its properties.
ZnO is a direct-gap semiconductor. It has n-type con-
ductivity and a large exciton binding energy at room
temperature [18,19].
4.2. Spray pyrolysis
It is the method of obtaining powders and thin films
based on thermal decomposition of the aerosol solu-
tion containing ions of the material synthesized in a
stoichiometric ratio. At a temperature of 380 °C used
in the experiment, the solvent evaporates before reach-
ing the substrate by aerosol microdroplets, and only the
solid precursor reaches the substrate and decomposes
thereon. Thick ZnO film with spherical crystallites of
50–100 nm across are obtained as a result.
4.3. Laboratory equipment
Samples were examined using microscopes of two
types. First, it was a scanning electron microscope
with an electron gun through a field-emission cathode
(Schottky cathode), of TESCAN MIRA LMU mark.Second, it was a scanning probe microscope NTegra
Therma mark of NT-MDT.
4.4. Measurement technique
To carry out investigation of materials with various
properties, special demands are made to the operating
parameters of probes and techniques based on AFM
methods [20]; that is why the probes DCP11 (Fig. 3)
were used, each having two rectangular tips on the op-
posite sides of the chip. The main parameters of probes
and tip used are presented below:
standard chip dimensions are 3.6 mm × 1.6 mm ×
0.4 mm;
Typical curvature radius of a tip: about 100 nm;
tip is 10–15 µm high;
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Fig. 4. Microphotograph of ZnO thin film obtained by the use of scanning electron microscope.
Fig. 5. AFM topography of ZnO film (3 µm × 3 µm); obtained by
scanning probe microscope.cantilever is 100 ± 5 µm long, 35 ± 5 µm wide,
1.7–2.3 µm thick;
conducting coating is 0.5  cm in resistivity.
Bias voltage of value from −5 to +5 V with 1 V
step was applied to the same area (1 µm × 1 µm) dur-
ing measurement in the spreading resistance mode. Af-
ter that, the data were loaded into a virtual instrument
where the point was selected, and the I–V characteristic
was constructed.
5. Experimental data
Fig. 4 demonstrates the picture of ZnO thin film ob-
tained using scanning electron microscope. An analysis
of this image discloses that the growth of the film pro-
ceeds in two stages, as it is likely, the initial temperature
(380 °C) decreased to 350 °C.
AFM-topography of the ZnO thin film obtained us-
ing the scanning probe microscope is presented in
Fig. 5. It was measured in the spreading resistance
mode. Height difference of the studied area is 0.36 µm
where lighter areas correspond to the tops of the surfacerelief. As it is seen from the topography, the grains con-
stitute elongated formations of 480–550 nm long, which
corresponds to an SEM image of the film (see Fig. 4).
At the current map lighter areas correspond to higher
values of current.
Fig. 6 gives a set of maps with the current distri-
bution obtained in the spreading resistance mode. Bias
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Fig. 6. The set of current maps at the following bias voltage (in V): −5.0, −2.0, −0.5, +0.5, +2.0, +5.0 (from the top down).
Fig. 7. I–V curve of ZnO film constructed in LabVIEW (lines) on evidence derived from tunneling AFM spectroscopy (dots).voltage from −5 to +5 V was applied to the same area.
These experimental data are necessary to construct the
required I–V characteristics. The result of such con-
struction is shown in Fig. 7.Moreover, some local I–V characteristics were also
measured in Nova (program which controls the Atomic
force microscope) with applying bias voltage from −5
to +5 V (Fig. 8).
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Fig. 8. The local tunneling I–V curves of ZnO film obtained in Nova software. A black curve applies to the one recorded at voltages from −5 to
+5 V, and a gray curve applies to the one recorded at voltages from +5 to −5 V.
Fig. 9. An example of unstable I–V curves of ZnO film obtained in Nova software. A black curve applies to the one recorded at voltages from −4
to +4 V, and a gray curve applies to the one recorded at voltages from +4 to −4 V.It should be noted that even in a high-resistance ma-
terial like zinc oxide, there are areas with unstable I–V
characteristics. An exemplified curve is given in Fig. 9.
6. Discussion of results
As noted above, it is easy to distinguish between
the scanning tunneling atomic force microscopy andscanning spreading resistance microscopy employing
Eqs. (1) and (2). The higher values of R than those ob-
tained by substituting ρ value (specific resistance) of the
sample material into Eq. (2) correspond to the approxi-
mation of the tunneling AFM. So, the R value obtained
for the direct branch is of the order of about 10¹¹ .
As it is known from the band theory [21], tun-
neling of charge carriers is difficult because of the
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2008.corresponding position of the Fermi level in metal
(probe), where the Fermi level in the semiconductor (di-
electric) is in the band gap.
The effective current value turns up when the poten-
tial is impressed at the probe since the potential provides
an electron transition from the probe to the conduction
band or from the valence band to the probe (at another
voltage sign).
As follows from I–V curve (see Fig. 7), the width
of the energy gap is close to the band gap for bulk
ZnO (3.36 eV). Furthermore, it may be concluded that
nanolayers exhibit n-type conductivity (the Fermi level
coincides essentially with the bottom of the conduction
band).
The similar results were obtained in Ref. [22] where
InAs nanostructures on GaAs substrates were investi-
gated by conductive AFM. Authors of [22] also used
probe tips made of Si with diamond coating (DCP11,
see Fig. 4). According to their assumption, such be-
havior of I–V curve is caused by a formation of a
Schottky-type junction between the probe tip and the
semiconductor surface.
It should be noted that even in a high-resistance ma-
terial like zinc oxide, there are areas with unstable I–V
curves (see Fig. 9). Most of these areas are situated at
the grain boundaries of the polycrystalline material.
Furthermore, ZnO as a phase of variable composition
exhibits “memristive” effect that is associated with the
movement of charged oxygen vacancies, high concen-
trations of which are responsible for the n-type conduc-
tivity of ZnO.
7. Summary
A new technique has been developed, which provides
an estimation of energy band structure of the surface
layers by constructing the current–voltage characteris-
tics based on the set of current distribution over a se-
lected area of the sample surface. The advanced method
is applicable for the analysis of a wide class of mate-
rials that may be destroyed when using the traditional
measurement methods because of mechanical or ther-
momechanical stresses.
Virtual instrument has been created in LabVIEW.
The instrument combines sets of data obtained at dif-
ferent voltages and allows someone to build I–V curves
for each point of the investigated surface.
The results can be useful on research of nanostruc-
tured semiconductor materials connected with current–
voltage characteristics of the samples where the local
measurements cause overheating the area of currentflow and where a lack of reproducibility of the measure-
ments takes place.
The created complex of experimental technique and
software products is also useful for characterization
of oxidative processes in the grains of polycrystalline
semiconductor layers, as well as to assess the type and
position of the electrical conductivity of the p–n junc-
tion inside the grain.
Acknowledgment
We are indebted to Lev B. Matyushkin, a postgradu-
ate student of department of micro- and nanoelectronics
of St. Petersburg Electrotechnical University named af-
ter V.I. Ulianov (Lenin), for consultation in the field of
spray pyrolysis technology.
The investigation was accomplished within the de-
sign part of the state job no. 16.2112.2014/К in the sci-
entific sphere.
References
[1] Y.M. Spivak, V.A. Moshnikov, Features of photosensitive poly-
crystalline PbCdSs layers with a network-like structure, J. Surf.
Invest.: X-Ray Synchrotron Neutron Tech. 4 (1) (2010) 71–76.
[2] E.V. Maraeva, V.A. Moshnikov, Y.M. Tairov, Models of the for-
mation of oxide phases in nanostructured materials based on lead
chalcogenides subjected to treatment in oxygen and iodine va-
pors, Semiconductors 47 (10) (2013) 1422–1425.
[3] V.K. Nevolin, Zondovye nanotekhnologii v elektronike (Probe
Nanotechnologies in Electronics), Tekhnosfera, Moscow, 2006.
[4] V.L. Mironov, Osnovy skaniruyushchej zondovoj mikroskopii
(Scanning Probe Microscopy) Ucheb. pos, Izd. RAN, Nizhnij
Novgorod, 2004.
[5] D.O. Filatov, Tunnel’naya atomno-silovaya mikroskopiya tver-
dotel’nykh nanostruktur. Avtoref. dis. . . . dokt. fiz.-mat. nauk
(Tunneling Atomic Force Microscopy. Dr. Tech. Sci. Diss.),
Nizhnij Novgorod, 2013.
[6] V.A. Moshnikov, Yu.M. Spivak, P.A. Alekseev, N.V. Permyakov,
Atomno-silovaya mikroskopiya dlya issledovaniya nanostruk-
turirovannykh materialov i pribornykh struktur (Atomic Force
Microscopy for Nanostructured Materials and Device Struc-
tures), Izd-vo SPbGETU “LETI”, St. Petersburg, 2014.
[7] A.I. Maksimov, V.A. Moshnikov, N.S. Pshchelko, et al., Forma-
tion of titanium oxide semiconductor structures by the local an-
odic oxidation, Smart Nanocomposites 4 (1) (2013) 107–108.
[8] Yu.M. Kanageeva, B.A. Moshnikov, M. Arnold, et al., Elek-
trofizicheskie svojstva fotodiodov na osnove epitaksial’nykh
sloev dlya srednego IK-diapazona (Electrical properties of pho-
todiodes based on epitaxial layers for mid-IR range), Vakuum-
naya tekhnika tekh. 18 (1) (2008) 3–8.
[9] Yu.M. Spivak, Analiz fotopriemnykh monokristallicheskikh i
polikristallicheskikh sloev na osnove khal’kogenidov svintsa
metodami atomno-silovoj mikroskopii. Avtoref. dis. . . . kand.
fiz.-mat. nauk (Analysis of Photodetective Monocrystalline and
Polycrystalline Layers based on Lead Chalcogenides by Atomic
Force Microscopy. Cand. Phys. Math. Sci. Diss.), St. Petersburg,
N.A. Lashkova et al. / St. Petersburg Polytechnical University Journal: Physics and Mathematics 1 (2015) 15–23 23[10] D.-Z. Guo, S.-M. Hou, G.-M. Zhang, Z.-Q. Xue, Conductance
fluctuation and degeneracy in nanocontact between a conduc-
tive AFM tip and a granular surface under small-load conditions,
Appl. Surf. Sci. 252 (14) (2006) 5149–5157.
[11] A. Bietsch, M.A. Schneider, M.E. Welland, B. Michel, Electri-
cal testing of gold nanostructures by conducting atomic force
microscopy, J. Vac. Sci. Technol. B 18 (3) (2000) 1160.
[12] A. Hattab, F. Meyer, V. Yam, et al., Electrical properties of W/Si
interfaces with embedded Ge/Si islands, Microelectron. Eng. 70
(2–4) (2003) 240–245.
[13] O.A. Aleksandrova, A.I. Maksimov, V.A. Moshnikov,
D.B. Chesnokova, Khal’kogenidy i oksidy elementov IV
gruppy. Poluchenie, issledovanie, primenenie (Chalcogenides
and Oxides of Group IV Elements. Obtainment, Use), Tekhnolit,
St. Petersburg, 2008.
[14] N.A. Lashkova, N.V. Permyakov, Issledovanie poluprovod-
nikovykh materialov metodom mikroskopii soprotivleniya
rastekaniya (The study of semiconductor materials by scan-
ning spreading resistance microscopy), Molodoj uchenyj 10 (69)
(2014) 32–35.
[15] S.V. Platonov, N.V. Permyakov, B.I. Seleznev, V.A. Moshnikov,
et al., Maloshumyashchie arsenid-gallievye usiliteli pri vozde-
jstvii elektromagnitnykh pomekh povyshennykh intensivnostej
(Low-noise gallium arsenide amplifiers exposed to electromag-
netic interference of increased intensity), Vestnik Novgorod-
skogo gosudarstvennogo universiteta im. Yaroslava Mudrogo 67
(2012) 29–32.[16] V.A. Moshnikov, Yu.M. Spivak, Atomno-silovaya mikroskopiya
dlya nanotekhnologii i diagnostiki (Atomic Force Microscopy
for Nanotechnology and Diagnostics), Izd-vo SPbGETU
“LETI”, St. Petersburg, 2009.
[17] V.A. Moshnikov (Ed.), Izd-vo SPbGETU “LETI”, St.
Petersburg, 2012.
[18] A.A. Bobkov, Issledovanie mikrostruktury i sensornykh svojstv
nanostrukturirovannykh sloev oksida tsinka (The microstructure
and sensory properties of nanostructured zinc oxide layers),
Molodoj uchenyj 7 (2014) 115–118.
[19] P.A. Somov, A.I. Maksimov, Gidrotermal’nyj sintez nanostruk-
tur oksida tsinka (Hydrothermal synthesis of zinc oxide nanos-
tructures), Molodoj uchenyj 8 (2014) 255–259.
[20] N.V. Permyakov, Rasshirenie funktsional’nykh vozmozhnos-
tej zondov atomno-silovykh mikroskopov elektrokhimicheskimi
metodami (Enhancing the functionality of probes of atomic force
microscopes by electrochemical methods), Molodoj uchenyj 12
(2012) 10–14.
[21] S.A. Rykov, Skaniruyushchaya zondovaya mikroskopiya
poluprovodnikovykh materialov i nanostruktur (Scanning Probe
Microscopy of Semiconductor Materials and Nanostructures),
Nauka, St. Petersburg, 2001.
[22] A. Beinik, Electrical Characterization of Semiconductor Nanos-
tructures by Conductive Probe based Atomic Force Mi-
croscopy Techniques, Institute of Physics Montanuniversi-
tat, Leoben Leoben, 2011 Diss. Doktor der montanistischen
Wissenschaften.
